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This project investigates a design of antenna array that might be suitable for 
implementation in the evaporation duct. The design investigates a novel horn antenna 
array that can produce high gain over a narrow beam width. The novel design is to 
operate in duct environment via having marine grade protection. This design will be 
explore the physical unique properties of the evaporation duct and utilize it to establish 
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Chapter (1)  
INTRODUCTION 
1.1. Background 
The technology of Long Distance Communication has been evolving fast in the last 
century. Many Challenges that were faced in the past are viewed as trivial nowadays. 
The revolution in wireless communication has led many of the greatest minds of the 
last decades to strive at providing some wide range reliable systems. However, 
Oceanic Trans-Horizon Communication still presents a situation where it is infeasible 
to have many stations between the two ends of the system over large distances per link. 
The physical properties of the environment are main considerations in any 
communication system design. The manipulation of the channels physical parameters 
to be of an advantage rather than a disadvantage has devised some pioneer techniques 
to accommodate to specific channels. A proposed usage of the oceanic trans-horizon 
properties investigates the continuous change in refraction coefficient as a function of 
height has led to the formulation of the phenomena of the Evaporation Duct. The 
Evaporation Duct is a non-physical boundary that causes a signal fired at a certain 
range of angles to be trapped through the bending of the signal element arising from 
the continuous change in the refractive index. 




Higher altitudes result in lower pressures and lower temperatures hence the refractive 
index of the atmosphere usually falls with height. [1] 
Antennas are the arms of any communication system. Antenna is the means by which 
the signal is either transmitted or received through the medium. Different antennas 
with different properties have been introduced and devised to accommodate to various 
systems. Antenna Design is a very challenging process as a lot of parameters affect the 
behavior of the antenna either from the environment, the physical properties of the 
antenna or the electrical circuit connected to the antenna. 
The unique behavior of the Evaporation Duct which allows trapping of signals when 
fired at an angle - whose subsequent bending due to change in refractive index is less 
than the escape angle of the duct – results in a trade of between the a narrow beam 
width for transmission and a wide beam width for reception. In a Full Duplex System 
both antenna are to be design properly to accommodate to such parameters. 
The final response of the antenna is one of the main factors determining the quality of 
the proposed communication system. Antennas nowadays are available in a vast 
variety from wire to micro-strip antennas that serves various bandwidths with different 
responses for different gains and beam widths as needed however, the availability of 
an antenna design for the sole purpose of serving a duct remains an open problem that 
requires in depth investigation to cater for the unique behavior of the Evaporation 
duct’s physical parameters. 
  
Figure 2 Signal Trapping in Evaporation Duct [1] 
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1.2. Problem Statement 
Designing an antenna with a high directive gain for WiDUCT usage that would 
eliminate the wind load of the conventional reflector dish antenna. 
A complete communication system requires an antenna design that caters to the needed 
result. A communication system solution making benefit of the physical phenomena 
of Evaporation Duct requires a unique antenna system to be implemented. 
The utilization of a proposed antenna design that could attend to the required response 
in the term of the directivity, beam-width, bandwidth and relative gain is the main aim 
of this investigation. 
The proposed solution is to be used in WiDUCT (Wireless Duct) a project in 
collaboration between PCSB (PETRONAS Carigali SDN BHD) and UTP (Universiti 
Teknologi PETRONAS) to produce a reliable offshore link to cater for the needs of 
PCSB. 
1.3.  Objectives & Scope of Study 
This work aims to utilize the methods in the literature in order to devise a novel model 
that shall aim to: 
1) Investigate the evaporation duct to identify a feasible antenna design.  
2) Design an antenna to cater of the evaporation duct. 
3) Simulate the performance of the antenna in the duct. 
4) Fabricate and validate the antenna performance. 
A horn antenna array is the proposed solution.  
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Chapter (2)  
LITERATURE REVIEW 
An antenna is defined by Webster’s Dictionary as “a usually metallic device (as a rod 
or wire) for radiating or receiving radio waves.” The IEEE Standard Definitions of 
Terms for Antennas (IEEE Std 145–1983) defines the antenna or aerial as “a means 
for radiating or receiving radio waves.” [2] 
2.1. Single Antenna Element Parameters 
1) Directivity 
For any wave the Poynting vector is given by 
𝓦 =  𝓔 ×  𝓗                                              (2.1) 
Where  𝓔  is the instantaneous electric field and  𝓗  is the instantaneous magnetic 
intensity field.The average power a is given by 
𝑃𝑟𝑎𝑑  =  𝑃𝑎𝑣 =  ∯ 𝓦𝑎𝑣
 
𝑠
 . 𝑑𝒔 =  ∯ 𝑅𝑒 (𝓔 × 𝓗∗)
 
𝑠
 . 𝑑𝒔         (2.2) 
The radiation intensity is  𝑼  where  𝑟 is the distance from the source is. 
𝑼 =  𝑟2 𝓦𝑎𝑣                                                 (2.3) 
The Directivity is given by  
𝐷 =  4𝜋𝑈/𝑃_𝑟𝑎𝑑                                                (2.4) 
2) Gain 
The gain is given by  𝐺 where the input power is  𝑃𝑖𝑛  
𝐺 =  
4𝜋𝑈(𝜃, 𝜙)
𝑃𝑖𝑛





The total efficiency  ℯ𝑇 is given by  
ℯ𝑇 =  ℯ𝑟 ℯ𝑐 ℯ𝑑                                              (2.6) 
Where  ℯ𝑟 ,   ℯ𝑐 and  ℯ𝑑 are the reflection, conduction and dielectric efficiencies 
respectively. 
4) Input Impedance 
The input impedance of the antenna is an important parameter that helps formulate the 
bandwidth response by minimizing the reflection coefficient and increasing the 
transmission coefficient. 
There are other antenna parameters that contribute to the response of the antenna as 
the antenna aperture and the polarization matching that are independent of the 
previously discussed parameters and other parameters that can be deduced from the 
main parameters as radiation pattern and beam-width. [3, 4] 
With all of these parameters to contribute to the response of the antenna there are many 
antenna types that can be classified as into four main types [4]: 
1) Electrically Small Antennas 
2) Resonant Antennas 
3) Broadband Antennas 
4) Aperture Antennas 
These antenna types accommodate to vast majority of needs of communication 
systems.  





2.2. Array Factor 
This project is investigating the element of Antenna array design. The response of an 
antenna array is usually modeled as the product of a single element response and the 
array factor. [2] 
The single element response corresponds to the array element response as a single 
antenna while the array factor is independent of the single array element where it 
conveys the parameters of the array such as: type, size, separation distance and phase 
difference where the total far field of the antenna array is given by 
𝐸𝑇 = 𝐸𝑆.𝐸.  × 𝐴𝐹                                              (2.7) 
Where 𝐸𝑇 is the total antenna array field, 𝐸𝑆.𝐸.  is the single element field and 𝐴𝐹 is the 
array factor [3].  
 
A mathematical model shall be derived based on the single element response and the 
array factor from the antenna array parameters to obtain the array factor that would 
contribute the required total response of the system.  
Figure 4 Antenna Array Response from Single Element and 
Array Factor [2] [3] 
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An important factor of the antenna design is impedance matching where at high 
frequencies due to the phenomena of standing electric waves so the wave experiences 
with maxima and minima every  𝜆 2⁄   where  𝜆  is wave length of the wave [5]. This 
requires impedance matching to reduce the losses on the circuit connected to the 
antenna. This is done through matching the impedance seen at the input side  𝑍𝑖𝑛 to 
the impedance of the load (antenna)  𝑍𝐴 through a line of length  𝑙  and impedance of 
  𝑍𝑜  as shown. 
After the derivation of the mathematical model, a simulation will be implemented to 
test the response using available software as CST, ADS, HFSS and MATLAB. 
After the simulation is conducted the antenna array is to be sent to be fabricated and 
characterized in the laboratory prior to its usage offshore for the project. A Gantt chart 
illustrating the portion of the project with reports and key milestones is presented. 
  
Figure 5  Impedance Matching for the Antenna [3] 
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Chapter (3)  
METHODOLOGY 
To Design the antenna array there are a lot of parameters to be considered as the: 
a) Single Antenna Element of the Array 
b) Antenna Array Specifications 
c) Electric Feed Network 
3.1. Single Antenna Element of the Array 
In order to select the best antenna element for the evaporation duct application there 
are some considerations to be made 
1) Gain 
In order to achieve a long distance trans-horizon a high gain antenna is needed 
2) Agreement with the array 
The proposed antenna should fit in the model of the array in terms of geometry 
3) Economic Value 
The proposed Antenna Element should be achievable in economic terms 
A comparison between Horn antenna element and Micro strip antenna element shall 
be investigated to define which element shall be most fitting for the application in 
WiDUCT project. 
3.1.1. Design Method of Horn Antenna 
The horn antenna shall be designed using sheet metal bending manufacturing method. 
This method basically depends on creating a 2D projection of the 3D desired object 
and then rotating in in the 3D space to obtain the desired product. 
The figure above shows a 2D metal sheet that is to be bent to obtain a 3 sided pyramid 





Figure 6 Metal Sheet for a Pyramid Design 
Figure 7 Horn Antenna Model using  
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3.2. Antenna Array Specifications 
1) Array Type 
The array type is the main factor that determines the behavior of the Array Factor. A 
uniform planar array or a combination of 2 orthogonal linear uniform arrays is of most 
use for the evaporation duct as it can control in the beam width in both the vertical and 
horizontal planes. 
2) Array Size 
The array size controls the behavior of the array factor regarding the beam width and 
contributes to the maximum lobes. 
3) Spacing between Elements 
The Spacing between array elements is essential in determining the number of 
maximum lobes. For a single maximum lobe the spacing between array elements 
should be less than 1 wavelength. 
4) Phase Difference between Elements 
The phase difference between elements controls null assignment to certain angles of 
the elevation plane. 
Based on the results obtained from [6], an array realization of 16x4 is introduced and 
analyzed. The chosen spacing between elements is 5 wavelengths, this is limited by 
the physical dimensions of a single Horn element of the array. Phase difference is set 
to zero. 
The chosen array size for this application is a 4x4 array size with a spacing that would 
agree to the geometry of the horn. 
Marine Grade protection for array elements is to be investigated. 




From [2], the total field of a uniform linear array can be obtained from (2.7) and the 
array factor is given by: 
𝐴𝐹 =  ∑ 𝑒𝑖(𝑛−1)𝜓𝑁𝑛=1                                                 (3.1) 
Where N is the total number of elements and 𝜓 is given by: 
𝜓 = 𝑘𝑑𝑐𝑜𝑠(𝜃) + 𝛽                                                (3.2) 
Where k is the wave number, d is the spacing between elements, θ is the angle along 
the direction of the pattern propagation and 𝛽 is the phase between array elements. 
Taking the reference point as the array physical center the array factor is obtained via 
[2] [3] 












]                                                (3.3) 
The maximum lobes are located at 




 (−𝛽 ± 2𝑚𝜋)]                                     (3.4) 
Where m = nN, and the angle of half beam width is 




 (−𝛽 + 𝜓𝐴𝐹=1
√2
⁄
)]                                  (3.7) 





3.3. Electric Feed Network 
A matching circuit with power dividers is to be designed to cater of the array 
arrangement. A Wilkson Power Divider of 4 stages shall be utilized to cater for the 
required array size of 16. 
 
3.3.1. Horn Antenna Feed Network 
For the horn antenna Array a new frequency band of interest centered at 5.8 GHz the 
ISM band is of free usage.  The figures below illustrate the design of the feed network 
for the 4X4 Horn Antenna Array. The figures show the complete feed network for the 
16 elements of the proposed array along with a single stage power divider network to 




 Figure 8 Complete Schematic for the feed network of the 16 Horn elements of the Array 
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The final developed feed for horn Antenna shall cater to the bandwidth of 100 MHz at 
a center frequency of 5.8 GHz. Due to high frequency range an SMT resistor shall be 
utilized instead of a lumped component to avoid intrinsic inductance and capacitance 
issues.  
Figure 10 Single Stage Schematic for the feed network of the 16 Horn elements of the Array 




Figure 12 Simulation & Substrate Parameters 
Figure 11 Complete Schematic for the feed network of the 16 Horn elements of the Array 
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3.3.2. Micro-Strip Feed Network 
An Antenna Array of Micro strip antennas was investigated as an alternative to the 
Horn Antenna Array in terms of fabrication. 
The Schematic for the feed network of the Patch panel antenna given is to operate at a 
center frequency of 5.8 GHz instead of 10.4 GHz as the former frequency belongs to 









Figure 14 Complete Schematic for the feed network of the 16 Patch Panel elements of the Array 
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Chapter (4)  
RESULTS & DISCUSSION 
4.1. Antenna Element 
The antenna element of a Micro strip antenna would achieve a maximum of 5 dBi gain 
which shall not be enough for the needed application. 
A horn antenna element is investigated and although it can cater to the needs in terms 
of gain, the horn antenna is quite costly. A Cheap horn antenna is created using some 
manufacturing technologies available in the market. 
The method of sheet metal bending was utilized to obtain the cheap horn reflector and 
a prototype is shown in the figure below. 
The CST Simulation tool has been utilized to evaluate the fields for the manufactured 
horn reflector. 
  





Figure 18 Horn Antenna Far-field 3D plot using CST 
Figure 16 Horn Antenna Far-field polar plot using CST 





Figure 20 Complete Horn Antenna components  
Figure 19 Horn Antenna Waveguide Feed 
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4.2. Antenna Array 
For N = 16 
𝑓 = 10.4 𝐺𝐻𝑧 , 𝑑 = 5𝜆  and  𝛽 = 0 
The Array Factor is evaluated for elevation plane for the broadside linear uniform array 
 
  
Figure 22 Antenna Array Factor Response from 16 Element Uniform Broadside Array 
Figure 21 Polar Array Factor Response from 16 Element Uniform Broadside Array [2] 
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For N = 4 
𝑓 = 10.4 𝐺𝐻𝑧 , 𝑑 = 5𝜆  and  𝛽 = 0 
The Array Factor is evaluated for elevation plane for the broadside linear uniform array 
  
Figure 23  Antenna Array Factor Response from 4 Element Uniform Broadside Array 
Figure 24 Polar Array Factor Response from 4 Element Uniform 
Broadside Array [2] 
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2D Array Directivity is given by [2]: 
𝐷 =  
4𝜋
Ω𝐴
                                                           (4.9) 
Where  𝐷𝐴𝑟𝑟𝑎𝑦  ≃  16 × 4                                                                                       (4.10) 
∴ 𝐷 𝑑𝐵 = 10 log(𝐷) =  10 log(16 × 4) ≃  18.1 𝑑𝐵 
𝐵𝑒𝑎𝑚 𝑤𝑖𝑑𝑡ℎ (16) = 0.88𝑜(𝑀𝐴𝑇𝐿𝐴𝐵 𝑅𝑒𝑠𝑢𝑙𝑡𝑎𝑛𝑡 𝑉𝑎𝑙𝑢𝑒) 
𝐵𝑒𝑎𝑚 𝑤𝑖𝑑𝑡ℎ (4) = 3.54𝑜(𝑀𝐴𝑇𝐿𝐴𝐵 𝑅𝑒𝑠𝑢𝑙𝑡𝑎𝑛𝑡 𝑉𝑎𝑙𝑢𝑒) 
Array Physical size: 
For N elements there are N-1 spacing intervals. Adding half an interval at the 
beginning of each side and another half at the end of the side. Then each side consists 
of N spacing intervals. 
The 16 element linear array accounts for 16 spacing intervals each of  5𝜆  spacing 
resulting in side length of 
𝐿 (16) = 16 × 5 ×  
3 × 108
10.4 × 109
≃ 2.31 𝑚  
The 4 element linear array accounts for 4 spacing intervals each of  5𝜆  spacing 
resulting in side length of 
𝐿 (4) = 4 × 5 ×  
3 × 108
10.4 × 109




Yet this solution is costly so an alternative of a 4X4 array of spacing of 3 wavelengths 
and 4 wavelengths are displayed. 
   
 
  
Figure 25 Array Factor Response from 4 Element Uniform Broadside Array for a 3 wavelength separating 
distance 




4.3. Feed Network 
4.3.1. Horn Antenna Feed Network 
For the horn antenna Array a new frequency band of interest centered at 5.8 GHz the 
ISM band is of free usage.  The figures below illustrate the design of the feed network 
for the 4X4 Horn Antenna Array. The figures show the complete feed network for the 
16 elements of the proposed array along with a single stage power divider network to 
display the detailed design of the of the network. 
  
Figure 28 Layout of Single Stage Schematic for the feed network of Horn Antennas 
Figure 27 Electric properties of the complete Feed Network 
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The final developed feed for horn Antenna shall cater to the bandwidth of 100 MHz at 
a center frequency of 5.8 GHz. Due to high frequency range an SMT resistor shall be 
utilized instead of a lumped component to avoid intrinsic inductance and capacitance 
issues. 




Figure 30 Electric properties of the complete Feed Network 







Figure 31 Layout of Complete Schematic for the feed network of Horn Antennas 
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4.3.2. Micro-Strip Feed Network 
An Antenna Array of Micro strip antennas was investigated as an alternative to the 
Horn Antenna Array in terms of fabrication. 
The Schematic for the feed network of the Patch panel antenna given is to operate at a 
center frequency of 5.8 GHz instead of 10.4 GHz as the former frequency belongs to 
the ISM free band. 
The figure above describes the fourth stage power divider in the design of a patch panel 
antenna with 8 of these units to form the complete antenna array for the 4X4 antenna 
array. 
For the Micro strip antenna Array the distance between the array elements is no longer 
a thing of free choice as the physical dimensions affecting the length of the micro strip 
lines that contributes to the electrical properties of the signal in terms of the length of 





Figure 32 Layout of Single Stage Schematic for the feed network of Patch Panel Antennas 
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From (4.9) The Directivity of an Antenna is given by: 




The Directivity for a 4 element array of spacing of app. 0.7702 Lamda is about 7.5 dB 
with Half Beam width of app. 17.5 degrees. 
 
   
Figure 33 Antenna Array Factor Response from 4 Element Uniform Broadside Array 
Figure 34 Polar Array Factor Response from 4 Element 
Uniform Broadside Array [2] 
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For a patch panel antenna one must calculate its physical dimensions. 
 
 
The Physical Parameters W, L and ∆L 
𝑊 =  
𝑉𝑜
2𝑓𝑟
⁄  √2 𝜀𝑟 + 1
⁄                                              (4.11) 









]−0.5                                    (4.12) 









                                        (4.13) 
𝐿 =  𝜆 2⁄  − 2 ∆L                                             (4.14) 
𝑊 =  0.02044576073 m 
𝜀𝑟𝑒𝑓𝑓 = 2.096239886 
∆L = 4.142087818 × 10−4 𝑚 
𝐿 =  0.017034104382541 𝑚 




Chapter (5)  
CONCLUSION & RECOMMENDATIONS 
Antenna Design is a vital part of any communication system. Due to the unique 
behavior of the Evaporation Duct a novel antenna design should be developed to cater 
for the physical environment. A proposed array solution is a very effective solution for 
the situation of oceanic trans-horizon communication. An antenna array can be 
manipulated to provide the required gain and directivity improving that of a single 
element to accommodate to the needs of the system. 
Advanced System Design provides a strong tool in the analysis of feed network for 
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